| %49 % 223 H9/2022 & 12 B/ ERE

It 1o MBS GO 5 = R B AR 4y 19

P, B5E, kTR

[F] 5F K22 2 5 b BRAE B2 B, ¥ 200092

B MmO AR IR S4B A IRBR L T — R m sk HER 0 TF B BT E AT K 05 = B 4 T ik
E AR H AL TR R AR R AR TRAR S A, SR T — g A R AR M S TR A B B R A A Ay B T
Weo BOTIR T SO R IR AR A AT SR R TR T A FE AL R AR AR T AR TR T = L 2R AT
A3 BB 4 SRR U 4 00 0 S B R B A A I L DA TR TR O R S X ) BE A (R B B A 0 R ] %
I7 1% = 2B B4 40 205 B 4> s B 0. 9697.0. 9469 F1 0. 9314, kappa R A TE 0. 84 L b, AT LLA &% A v b A 40
JINAE T B BUAS 5 38 A B b T U 43 18 4 ) . TR 9% 45 B R O, T 42 07 WK BE S A R B B K U s P B B S R A T
S ELE B L O R SR BT S5 R R AR B B 4G T R R SR

R GEEG MEEROGTE IR AR R RO BRI B B AR

FESESE TNI5S. 98 XHEIRERD A

1 5] G

PRMBE AR A Z5 4, an b TIB 2 e B =R /9
25 (Ao A s L3R A R I 6 A1 RN Z8 Bl 2 L e ¢
S0 AR AR B BR 6 A AR AR i T TR R
SRR iy T 455 g S DR e ELRB IS P

Mo O (TLS) BB 45 Pk | [ 3l b ic S R
S B 2K G AR T T B A A 0% A S AR DR O A AT
P o b B AR B B YL FEAREC TLS B R
Mo a s AL [ A Fh 22 [RIAR A 25 48 1) 25 57, S BAR K
rhOR 55 R T 25 ARG B Y A3 B 60 TR AR AR R 25
WA B i 2 1A B9 o6 R AR DY flin, JF R A
Yy 22 P DR AP RN ARG 0L 1) B 5 i T AR AR A e g A
a3 A ORI O A 1R AN ZE o AL W
PRMAE S ZR G0 TP R OR B i it 5 A BB 1 AR W) ' (AGB)
i B A A AR A R B A 2 ) AT X I 5 X
G A B — AR I B R T A T b AR R 5
AR T AR K 23 X IF 9 465 SR 1 B K S i, Li 455 7 B
FE R A K GRS TG A AR F 2ok R 5 5 2 AR i T R R L
25 (8] 43 A B O R BT K BRI A7 7 2 N ok b 3 in 2k
MR & B, Calders %00 38 F A4 A 19 AR 44 25 4 L
FHAE 2 45 #4915 AL CQSMD) 3k A& 3 B A K A1 & B A
AGB,QSM W] DLt B R iy = A T 454, H
KB R QSM H Z K T o U8 R4 A SRR AT R =
A I B £2 78 23 AGB Al 1 5t i . XL otk 78 3K X

DOI: 10.3788/CJL202249.2310001

TLS W K 5 2 J5 5 B AT I 23 B0 A2 2L o8 il
R B R o B

HAr, B NIMFZ 28 T 2R A S = At
SYE 7. Béland 2N FI) A I A5 RRL T A AR O
FU AR T AR B N A7 7 50 B 22 55 31X — ek i 5
B E AR I U T B (RO R X O
AL BT RE M A . Tao 1% X B A 5 2 d#E 477K
SEY) R, 2 5 T LR LT %k 4 AN U1 R BE AT A I LR
RN B By L B A= B AR 2 3 AR oy il 2
A AR T M JE AR TLS & = H ke + 0. HIZ 7 ik
R A R HFERT, LR TE TLS a5 2 $ii il e
RGBT o ELXF BB R S5 25 19 4 2 45 R O AR
Ma S5 B 5 2 B A ST — LR AR Ol
TR AR (GMM) X EATT #1743 26, % ik
WEB Ay 2Bk AT LI RAT B R 454 B 5 B R
N TR 2R 8d . BLXF T AS R PR B8 T 1 # oK
B R b 2 5 B IR B O O B
Ferrara 2517 Fll FARE T 5 FAR - o 1A 26 9 B2 A ) 9 4
P, B T — P TR R Y M S 23 ] 2R 25 (DBSCAND
Bk B s BEAEE M IR R R T R T K
TLS BRI ZE AL, 55 MG TLS BRI, 75 E A E
Z W AFZS ], HJG A 300 B A /R .

BT B AT AR TLS 05 2 B 40 85 77 78 0 5 185 45
22 B RORAG . B 34k R IG5 n) R, AR SO 3
F UM RAAE (4 JC W B 4y 20 vk b AT E — 2 1k, 42

KB . 2021-12-28; & HER: 2022-01-30; A BH . 2022-03-24

EEUW B . HEHARP IS (42074022)
BE1EHE . 2033690@ tongji. edu. cn

2310001-1



£ 49% F£ 23 H1/2022 £ 12 A/ EEHE

H — T 25 5 i S I A 0 A SRR R TR 0 ARk A A
Oy B DT IR A ALAT DL SE B RS A TLS B
Al B 8 HLIE T [ 5 R, & R
195 A B AR R T R | AR A AR O B T
B

2 BT
R SR AR R 53 8 R IL AR AE 145 4 43

B BRI ) 5 = AT 0 26 A = A EE LR
P B B S SR 3 T LA E AR AL 2 % 5 1 B

single tree TLS II

I T e e e e

WA, BEERE S PR 0 =g A AR )
P, (x; .y, 2, )8 a8 FLAR I A 1 O 22 50 B, FE AR 38 itk 46
P33 A N AR = AN FREAEAE A A, A BCAR N Y
FREM i e, e Tl ey B G5 6 Ry BB 40 = %5 B iF AT 4
AR LA B WO e B AR A, A A Dijkstra
SEAEN TR A R 0 2 o R A A B A a1 o e i
1 s Z 5 MR AR R A AR A S A 4 D R TR R O T A
T SRR WU T S DL S B R R R R S R 2
B o> B 25 R S B A R B R . B
RIS E AR I 1 PR

- o e e

|
point cloud 1
1 » shortest path branch branch complete
1 analysis skeleton extraction branch points
|
|
e e e e e e e e e e e e RN
weishted SNOIEECEtl | e e i i e o e o i s e e s e e B b e e e, e L remaining
graph G construction[ || graph segmentation m—— leaf points
cluster 1
] point feature
a segmentation cluster 2 extraction

1]
1
|
I
| graph-based
|
|
|
1
|
1

point
/ cluster n

K1 ke K
Fig. 1 Flow chart of method

2.1 HERESH

e i 6 AR T3 R VR 43 1) B A G o R 1) St
LT PR SR R R s B e R e B, JE T
KUY RRA G=,E), i V=10, 0,0, 18
KH W E 2 REFEZPTEODE AT H v, €V
ST i — A G E e m B p &4, H
R e, BEREMIAB A . R 20 58 OB 6 0 22 10 A9 R
BE R BCER DT R IASUE 1 T AR TR DL A
THE AT 7 05 B AT 5 Rz P A S 1% 50 1Y i A
Eif S (DO R b NI ) el 1 - (TR TA R & R )
I EIERTEAIE . A LA AR AR T SRR
B AR G b 2 PR AREAC 1) 2B 4K T 1), 24 DA ) R B 4R Sy i
TR K T ) LT 7 2 BB i I A% A B AR T
TR, 7E B AR AL T BE 4 B S B L T EOR 1
LRl fig S ad TRAT , JCIE AR f R A AR Y AR K 454 .
WE 2w, T AB SHEEYS B.C &EEE
ZHRT A C SR EEE . A T3 B 0 I A8 e B
A C, N T RRIZEIME A SCGHE T KRG
UEJE » DA TR B 88 9 7 O 1 Sk 6 1) JE b R SRR, {4
AR AR A VB .C BB AR KA, an &l 2 (b) fir
TN AR TR A K A s T BRE T 1% T s X 22 0 8 BUR:
T B AR A A K S A R R AR /DN L PRI T A 220
At

€) C () c

o: B

A A

&l 2w E AR R B () LA SR S A EE M e
BEAZ 5 (b) LA g 8] BE V- 7 g A TR A A de 4 i A2
Fig. 2 Schematics of  constructing  shortest  path.
(a) Constructing shortest path with point spacing as
weight; (b) constructing shortest path with square
of point spacing as weight
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Fig. 3 Constructed undirected graph structure and trimmed

graphs. (a) Constructed undirected graph; (b) result

of graph segmentation
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Fig. 4 Skeletons of branches and trunks extracted by shortest path algorithm. (a) Original point cloud of branches and trunks;

(b) skeleton of branches and trunks extracted with distance between points as weight; (c) skeleton of branches and

trunks extracted with square of distance between points as weight
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Fig. 5 Point cloud of tree branches and trunks extracted by shortest path analysis algorithm. (a) Original point cloud of

branches and trunks; (b) extracted point cloud of branches and trunks
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Fig. 6 Point cloud of tree branches and trunks extracted by graph-based segmentation algorithm. (a) Original point cloud of

branches and trunks; (b) extracted point cloud of branches and trunks
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Table 1 Tree point cloud data
Number of . Average point
Tree No. . Tree height /m )
points spacing /m
Tree 1 982636 52 0.12
Tree 2 947942 42 0.06
Tree 3 301615 36 0.04
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Fig. 8 Single tree point clouds with different average point spacings. (a) Tree 1; (b) Tree 2; (c¢) Tree 3

WEAh s S T B E A S5 5 A AN () B4 T A A [ A
Toft BB A 53 25 B0 T 9 20 B BE 7 DT KR B £ v 1o R
T R B 58 BRI R B AR AT RR AN SR T R R
ARA I A AR DR b g o] i RV I BB A A5 2 P
FHE S IR, 38 16 BRI A, JEAN LN 1T 9 Fros. Hrp,

Tree 4 Fl Tree 5 B AR 5 = B85 8 58 ¢, Tree 6 F
Tree 7 MM AR 8L = BARAEAEGR S . Tree 8 Fl Tree 9 47
KB, Tree 10 f1 Tree 11 LR AH /NE, Tree 12 1
Tree 13 A M, Tree 14 F1 Tree 15 W />, Tree 16 Fl
Tree 17 FFEM , Tree 18 il Tree 19 R4,

2310001-6



£ 49% F£ 23 H1/2022 £ 12 A/ EEHE

A

B9 R IR HCHR R o SRR A 5

: (e)y (ﬁ (g‘) .
( !

(0)

g
————— -+ ] } £

(a)Tree 4;(b)Tree 5;(c) Tree 6;(d) Tree 7;(e) Tree 8; () Tree 9;(g) Tree 10;

(h)Tree 11;(i)Tree 12;5(j) Tree 13; (k) Tree 14; (1) Tree 155 (m)Tree 16;(n)Tree 17;(0) Tree 18;(p) Tree 19
Fig. 9 Single-tree point clouds for different data quality or different tree species. (a) Tree 4; (b) Tree 5; (¢) Tree 6; (d) Tree
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16; (n) Tree 17; (o) Tree 18; (p) Tree 19
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Table 2 Pseudo-randomly selected input parameter

values for verification testing
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Parameter Possible value He bR A M AT R T, 4MBT L 11 BT Tree 3 M) 55 B9 25 52
R 40,45,50 AL AR SO A $EAT B4 B B T s R 4
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Table 3 Separation result for branches and leaves of each tree
Accuracy F (wood) F (leaf) K
Tree No.
M SD M SD M SD M SD
Tree 1 0.9612 0.0012 0. 8454 0.0041 0.9783 0.0007 0.8183 0.0046
Tree 2 0.9445 0.0011 0.8278 0.0033 0. 9504 0.0006 0.8223 0. 0039
Tree 3 0.9264 0.0034 0.8024 0.0056 0.9547 0.0023 0.7572 0.0078
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Fig. 11 Separation results for branches and leaves of Tree 3
and reference values in open source data set.
(a) Separation result for branches and leaves by
proposed method; (b) reference value for branch

and leaf separation in open source data set

2 BIAE T8 F AR BRI . B AR O BEHLAY 5 i
ZWANBVCT i A S8 AE B R OB 23 B B & 2R
HERRE X AE 0. 92 DLE B0 58 B MR U T RR 1A
T AR AR AP ME 2 39 48 0. 01 LU T . R W
AR SO Bt A 5 1 B AT B B B 2 B BE T X 28
(O SBCRRAEAS T R S R R A

i R4y 16 BRAN A B 5 2= B0t R AT Bt o3 g L 52
WA R 4 Frox. w] LU L B R B9 A o3 S
AR M 2 3T AE 0.9 BB B30 A7 £ i 2% A9 A8 A 119 A i
O BRIV 15 B AR T R0 o B AR L (H ERS
B dLAE 0. 93 LA b, H = H M G0 F (S T AL
TR F AR, X TA R MG R A S = A
Ir B AE RARRL KBRS AE 0. 94 oy . MIUHIASOr
TEAE T B AT I ALD I ROR R 2 i al AR R /D I A A R
5 BT A R R R B AR 2 R A7 AR AL A%
SR U ) o I NP {5 A S DO B R S 1

R4 ORI AR o) B 45 5
Table 4 Separation results for branches and leaves from

different trees

Tree No. Accuracy  F(wood) F (leaf) K
Tree 4 0. 9689 0.9055 0. 9814 0. 8869
Tree 5 0. 9854 0. 8967 0.9921 0. 8887
Tree 6 0.9431 0. 8722 0.9631 0. 8383
Tree 7 0.9315 0. 8664 0.9522 0.8122
Tree 8 0. 9589 0. 8352 0.9765 0. 8118
Tree 9 0.9309 0.7973 0.9538 0.7799
Tree 10 0.9335 0. 8395 0. 9581 0.7977
Tree 11 0.9519 0. 8800 0.9699 0. 8500
Tree 12 0. 9548 0. 8291 0.9739 0. 8030
Tree 13 0.9861 0. 8658 0.9814 0. 8586
Tree 14 0.9342 0. 8182 0.9598 0.7781
Tree 15 0.9346 0.9545 0. 8831 0. 8376
Tree 16 0.9491 0. 8722 0. 9682 0. 8405
Tree 17 0.9773 0. 9244 0.9867 0.9111
Tree 18 0.9641 0. 8956 0.9784 0. 8740
Tree 19 0. 9090 0. 7650 0.9525 0.7077
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Fig. 12 Separation results for branches and leaves by proposed method . (a) Tree 1; (b) Tree 2; (c) Tree 3
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Fig. 13 Separation results for branches and leaves by TLSeparation method. (a) Tree 1; (b) Tree 2; (c) Tree 3
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Fig. 14 Separation results for branches and leaves by LeWos method. (a) Tree 1; (b) Tree 2; (c) Tree 3
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Table 5 Evaluation indexes for TLSeparation method in of branches and leaves from 19 trees
separation of branches and leaves from 19 trees Tree No.  Accuracy F(wood) F (leaf) K
Tree No.  Accuracy F(wood)  F (leaf) K Tree 1 0.9697 0. 8674 0. 9829 0. 8475
Tree 1 0.9527 0. 8035 0.9731 0. 8338 Tree 2 0. 9469 0. 8863 0. 9655 0.8547
Treez  0.87500.7780  0.9130 0. 7690 Tree3  0.9314  0.8110  0.9581 0. 7691
Tree 3 0.6667 0.5131 0.7467 0.3327
Tree 4 0.9689 0. 9055 0.9814 0. 8869
Tree 4 0.9445 0.8218 0.9428 0. 8046
Tree 5 0. 9557 0. 8000 0. 9471 0. 7875 Tree 5 0.9854 0.8967 0.9921 0. 8887
Tree 6  0.9225  0.8136  0.9623 0. 8062 Tree6  0.9431  0.8722  0.363] 0. 8383
Tree 7 0.9135 0. 8832 0.9138 0.8271 Tree 7 0.9315 0. 8664 0.9522 0.8122
Tree 8 0.8974  0.6500  0.9399 0.5918 Tree 8 0.9589  0.8352  0.9765 0.8118
Tree 9 0.9153 0.7472 0.9493 0.7186 Tree 9 0. 9309 0.7973 0. 9538 0. 7799
Tree 10 0.9367 0. 8530 0.9507 0.8127
Tree 10 0.9335 0. 8395 0.9581 0.7977
Tree 11 0.9213 0.7769 0.9523 0.7303
Tree 12 0.9344  0.8148  0.9638 0. 7986 Tree Il 0.9519  0.8800 09699 08300
Tree 13 0.9610 0. 6877 0.9792 0. 6681 Tree 12 0.9548 0.8291 0.9739 0. 8030
Tree 14 0. 8830 0.6493 0.9298 0.5792 Tree 13 0.9861 0.8658 0.9814 0. 8586
Tree 15 0.8513 0. 8855 0. 7880 0.6788 Tree 14 0.9342 0.8182 0.9598 0.7781
Tree 16 0.9139 0.7967 0.9454 0.7424 Tree 15 0.9346 0. 9545 0. 8831 0. 8376
Tree 17 0.9242 0.7232 0.9561 0.6799
Tree 16 0.9491 0.8722 0.9682 0. 8405
Tree 18 0.9208 0. 7840 0.9515 0. 7359
Tree 19 0.9020  0.6949  0.9353 0. 6527 Tree 17 0.9773  0.9244 0.9867 0. 9111
Tree 18 0.9641 0.8956 0.9784 0. 8740
# 6 LeWos LA 19 BB AR By A1 = A 23 83 T i PN 48 A
. . X . Tree 19 0.9090 0.7650 0.9525 0.7077
Table 6 Evaluation indexes for LeWos method in separation
of branches and leaves from 19 trees A T 32 S SR B
Tree No. Accuracy F(wood)  F(leaf) K LU RGHEAT SR E R R S A i BT
Tree 1 0. 9605 0.7899 0.9782 0. 8405 %‘riﬁ%— °
Tree 2 0.9326 0. 8645 0.9420 0.8337 4 é%g i{i
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Tree Branch and Leaf Separation Using Terrestrial Laser Point Clouds

Lu Huaqging , Wu Jicang, Zhang Zijian

College of Surveying and Geo-Informatics, Tongji University, Shanghai 200092, China

Abstract

Objective

Terrestrial laser scanning (TLS) technology provides an efficient and accurate method for obtaining three-

dimensional tree data. The separation of branches and leaves using single-tree point clouds is required when extracting
tree structure parameters or determining the above-ground biomass. Additionally the separation of branches and leaves

using TLS data enhances the ecological applicability of TLS data .

Therefore, an efficient method for separating branches

and leaves using tree point clouds can improve the application range of TLS. Existing branch and leaf separation methods

either require precise calibration of lidar instruments to obtain intensity data for branch and leaf separation or use

supervised classification methods, which require a considerable amount of manual intervention to select training data, and
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retraining is required for trees from different environments or different tree species. They are not universal. To tackle
these issues such as poor separation results, low separation efficiency, and low automation in the current TLS point cloud
tree branch and leaf separation, this study further optimizes the unsupervised classification method based on geometric
features and proposes a branch and leaf separation method combining the shortest path analysis algorithm and graph
segmentation algorithm.

Methods The branch and leaf separation algorithm proposed in this study uses geometric features and structural analysis
to classify the point cloud of a single tree into different components. First, a graph segmentation algorithm is used based
on point geometric features and point cloud density. Subsequently, according to the three-dimensional coordinate vector
P, (x;, y;, z;) of the point i in the point cloud, the algorithm constructs the covariance matrix of its neighborhood,
calculates the three eigenvalues (A,, A,, and A;) of the corresponding point and the corresponding features vectors (e,
e,, and e;) according to this matrix, and combines with the local point cloud density to carry out the coarse separation of
branches and leaves. Second, it is the shortest path detection. The Dijkstra algorithm is used to calculate the shortest path
from the lowest point in the tree point cloud to the remaining points. Then the skeleton of branches and trunks is
extracted according to the growth structure of the tree, and the points of branches and trunks are extracted based on the
skeleton of branches and trunks to realize the coarse separation of branches and leaves. Finally, the results of two coarse
separations are combined to achieve the final fine separation of branches and leaves.

Results and Discussions This study employs three trees with different point spacings and 16 trees with different data
quality from different tree species to perform quantitative and qualitative experiments to test the branch-leaf separation
ability and robustness of the proposed method. First, three trees with different point spacings are separated 20 times
using a pseudorandom method to select parameter values. Although the input parameters are modified several times by the
pseudorandom method, the accuracy rate of each branch and leaf separation result of each tree is above 0.92. The branch
points of the tree are extracted and the standard deviation of each evaluation index is observed to be below 0. 01
(Table 3). Furthermore, using point cloud data of 16 trees with different data quality from different tree species for
branch and leaf separation, the accuracy of branch and leaf separation of trees with missing data is not high, but the
accuracies of branch and leaf separation of all trees are above 0.9 (Table 4). This indicates that the method proposed in
this study has high branch and leaf separation ability and has good robustness. Moreover, the TLS separation method and
the LeWos method are used to separate the branches and leaves of the three trees and the separation abilities are
compared. The branch and leaf separation accuracies of the TLS separation method, the LeWos method, and the proposed
method are compared (Tables 5-7). The classification indexes of this method are better than those of the TLS separation
method and the LeWos method. Specifically, when the branches and leaves of the medium and small trees are separated,
the evaluation indexes of the proposed method are significantly higher than those of the TLS separation method. Although
the TLS separation method can thoroughly separate the tree trunk from the larger branches, it is easy to classify leaf
points close to branches as branch points (Fig. 13). These tiny leaves affect the spatial structure of the dots, making it
difficult to separate them. The evaluation indexes for the branch and leaf separation results of the LeWos method are
good, but it is prone to misclassification when facing the buttress structure of trees. Some point clouds of some buttress
structures are classified as leaf points and small branches of trees cannot be effectively separated (Fig. 14). The method
proposed in this study, combined with the shortest path analysis algorithm, can effectively distinguish small leaves and
extract branches to avoid the interference of leaves. The experimental results reveal that the proposed method has strong
branch and leaf separation ability and high robustness.

Conclusions This study proposes a branch and leaf separation method that combines the shortest path analysis algorithm
and the graph segmentation algorithm using tree point clouds. The feasibility and robustness of the proposed method are
verified by specific experiments. The experimental results indicate that this method can realize high-precision branch and
leaf separation for trees with different spacings. The classification accuracies on three types of data reach 0.9697, 0.9469
and 0.9560, respectively, and the kappa coefficients are 0.8475, 0.8547 and 0.8925, respectively. The branch and leaf
separation results obtained by the method in this study serve as references for the subsequent application of single tree
analysis.

Key words remote sensing; terrestrial laser scanning; branch and leaf separation; shortest path analysis; graph
segmentation; point-by-point feature
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